INTRODUCTION
============

Autophagy is a self-degradation process that is responsible for the removal of long-lived proteins and damaged organelles by the lysosome [@B034]. Increasing evidence indicates that the induction of autophagy may be an effective therapeutic approach for apoptosis-resistant cancer cells [@B029]. However, a considerable body of literature reports that autophagy also serves as a survival mechanism to inhibit apoptosis [@B036]. In fact, autophagy is a complex cellular process with a dual role, being both cell-protective and cell-destructive [@B012]. Enhanced cell death has been reported in the absence of gene products that are essential for autophagy, suggesting a role for this process in cell survival [@B037]. Our previous results also showed that functional autophagy might lead to cell survival in Ras-NIH 3T3 cells [@B002].

The phosphatidylinositol 3-kinases (PI3Ks) are known to be critical regulators of the induction of autophagy. The activated class I PI3K-Akt-mTOR signaling pathway suppresses autophagy [@B004]. The dysregulation of mammalian target of rapamycin (mTOR), a major negative regulator of autophagy, is frequently observed in cancer [@B030]. Beclin 1 is a major component of the class III PI3K, which plays a pleiotropic role in autophagy and vacuolar protein sorting (Vps) [@B007]. Beclin 1 does not have any enzymatic activity but acts as a platform, recruiting activators or repressors of Beclin 1/hVps34-dependent autophagy. Interestingly, it has been demonstrated that Bcl-2 and Bcl-~XL~ reduce the pro-autophagic activity of Beclin 1 [@B025]; [@B021].

Compounds that inhibit P-glycoproteins, which are correlated with acquired drug resistance [@B010], have been developed as chemotherapeutic drugs to overcome multidrug resistance (MDR) [@B031]. However, treatments using current MDR modulators have not been as effective as expected [@B010]. Recently, we found that Ras-NIH 3T3/Mdr cells were more susceptible to PP2 treatment than were their parental cells (Ras-NIH 3T3). PP2 is a potent inhibitor of Src family tyrosine kinases (SFKs) [@B013], whose sustained activation has been implicated in a variety of cancers, including colon, lung, breast, and prostate cancers [@B035]. Specific SFK inhibitors have been reported to induce autophagy by inhibiting the mTOR signaling pathway [@B032]. Our previous results also indicate that functional autophagy in response to PP2 may lead to cell survival in Ras-NIH 3T3 cells, whereas defective autophagy may contribute to the inhibition of growth in response to PP2 in Ras-NIH 3T3/Mdr cells [@B002].

Here we explored the mechanism responsible for the resistance of Ras-NIH 3T3/Mdr cells to autophagy induction in response to PP2. PP2 was found to induce autophagy via a Beclin 1-dependent manner regardless of drug resistance. Further, our results suggest that PP2 induces LC3 conversion independent of PI3K, concomitant with the uncoupling of LC3 conversion from autophagy, in multidrug-resistant cells.

MATERIALS AND METHODS
=====================

Antibodies and reagents
-----------------------

Rabbit polyclonal anti-Bcl-2 and anti-Beclin 1 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA), and anti-LC3 was from Sigma (St. Louis, MO). The Beclin 1-BH3 antibody was from Abgent Inc. (San Diego, CA). The FITC Annexin V Apoptosis Detection Kit was purchased from BD Biosciences (San Diego, CA). Dulbecco's modified Eagle's medium (DMEM), fetal calf serum (FCS) and penicillin-streptomycin were purchased from GIBCO-Invitrogen (Carlsbad, CA). PP2, wortmannin and Mission^®^ BECN1 esiRNA were obtained from Sigma (St. Louis, MO).

Cell lines, cell culture and chemical treatment
-----------------------------------------------

Ras-NIH 3T3 cells contain morphologically transformed foci of cells that exhibit crisscrossed margins, piling-up properties and characteristics of invasiveness [@B018], and their drug-resistant counterparts (Ras-NIH 3T3/Mdr cells) stably express the drug effl ux pump P-glycoprotein, which can be blocked by verapamil [@B001]. Both cell lines were maintained at 37℃ in DMEM supplemented with 10% FCS, penicillin-streptomycin, and glutamine. For experimental purposes, cells were cultured in 60-mm tissue culture dishes until they reached \~80% confluence. Before experimental use, the Ras-NIH 3T3/Mdr cells were maintained in paclitaxel-free culture medium and sub-cultured at least three times. PP2 was dissolved in DMSO and freshly diluted for each experiment. DMSO concentrations were less than 0.1% in all experiments.

esiRNA transfection
-------------------

For all transfections, cells were seeded in 3.5 cm^2^ dishes and incubated overnight 1 day before transfection. For esiRNA transfection the next day, 10 μl of Lipofectamine RNAiMax (Invitrogen) was diluted in 250 μl of OptiMEM (Invitrogen) and incubated for 5 min at room temperature (25℃). In a separate tube, 2 μg of esiRNA was diluted in 250 μl of OptiMEM. The solutions were combined, mixed and incubated for 20 min at room temperature, after which the transfection mix was spread evenly over the dish. After 24 h, the transfected cells were treated with chemicals.

Quantitation of autophagy
-------------------------

Cells were transfected with pEGFP-LC3 (Addgene, Cambridge, MA) for 48 h and then treated with PP2 for 24 h. Fixed cells were classified as cells with predominantly diffuse GFPLC3 fluorescence or a punctate GFP-LC3 fluorescence pattern and immediately analyzed with a Zeiss Axio Scope. A1 epifluorescence microscope. The percentage of cells exhibiting signs of autophagy was quantified by counting the number of cells with the punctate GFP-LC3 pattern among 200 GFPpositive cells in two independent fields.

Annexin V-propidium iodide double staining
------------------------------------------

Phosphatidylserine translocation to the outer leaflet of the plasma membrane was assessed by staining with Annexin VFITC and detection by flow cytometry. After treatment, 2×10^6^ cells were harvested, washed with ice-cold PBS, and resuspended in 200 μl of binding buffer (10 mM HEPES/NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl~2~) and incubated with 5 μl of Annexin V conjugated with FITC for 10 minutes at room temperature in the dark. Samples were washed with binding buffer, resuspended in PBS, counterstained with 5 μg/ml PI, and analyzed using a Gallios flow cytometer (Beckman Coulter, Inc., Brea, CA, USA) with Kaluza Analysis software. Annexin V^-^/PI^+^ cells were assumed to be necrotic, Annexin V^+^/PI^+^ cells were assumed to be late apoptotic or secondarily necrotic, and Annexin V^+^/PI^-^ cells were recognized as apoptotic cells.

Preparation of cell lysates, immunoprecipitation and immunoblot analysis
------------------------------------------------------------------------

Cells were washed twice with ice-cold phosphate-buffered saline (PBS) and harvested by scraping the cells into lysis buffer (20 mM Tris, pH 8.0, 150 mM NaCl, 1% Triton X-100, 2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 20 μg/ml aprotinin, 10 μg/ml leupeptin, 20 mM β-glycerophosphate and 2 mM sodium fluoride). Cell lysates were clarified by centrifugation at 15,000×g for 10 minutes at 4℃, and the protein concentration was determined with a BCA protein assay reagent kit as described by the manufacturer (Pierce; Rockford, IL). Immunoprecipitation was performed on the whole cell lysates using either anti-Beclin 1 or anti-Beclin 1 BH3 and protein A-agarose beads. For the detection of immunoprecipitated Beclin 1 or Beclin 1 BH3, immunoprecipitates were denatured in Laemmli sample buffer and resolved by 10% SDS-polyacrylamide gel. The proteins were transferred to nitrocellulose, and immunoblot analysis was performed using an anti-Beclin 1 antibody. Immune complexes on nitrocellulose were detected using the ECL-Plus chemiluminescent system (Amersham Pharmacia Biotech, Piscataway, NJ). Fluorescence images were captured using a KODAK Image Station 4000R (Carestream Health, Inc., Rochester, NY).

RESULTS
=======

The induction of autophagy by PP2
---------------------------------

Our previous reports showed that functional autophagy in response to PP2 may lead to cell survival in Ras-NIH 3T3 cells, whereas defective autophagy may contribute to the inhibition of growth in the drug-resistant counterparts of these cells, Ras-NIH 3T3/Mdr cells [@B002]. To further

![Differential induction of autophagy between Ras-NIH 3T3 and Ras-NIH 3T3/Mdr cells. (A) To quantify the incidence of autophagy, 48 h after transfection with pEGFP-LC3, cells were incubated for the indicated times at 37℃ with 5 μM PP2 and immediately analyzed by fluorescence microscopy. The percentage of cells showing autophagy was quantified (mean ± SD) by counting the number of cells with a punctate pattern of GFP-LC3 among 200 GFP-positive cells. ^\*\*^*p*\<0.01; ^\*^*p*\<0.05 as determined by Dunnett's T-test compared with the vehicle control. (B) Electrophoretic mobility change of LC3 from the non-autophagic (LC3-I) form to the autophagic membrane-recruited (LC3-II) form was analyzed by immunoblotting. The results presented are representative of at least three independent experiments.](ooomb4-20-393-g001){#F001}

evaluate the differences in PP2-induced autophagy between Ras-NIH 3T3 cells and Ras-NIH 3T3/Mdr cells, autophagy was quantitated based on the percentage of cells with punctate dots corresponding to GFP-LC3. Consistent with our previous report, PP2 preferentially induced autophagy in Ras- NIH 3T3 cells but not in Ras-NIH 3T3/Mdr cells ([Fig. 1](#F001){ref-type="fig"}A). In addition, immunoblotting analysis indicated the conversion of non-autophagic LC3-I into autophagic LC3-II in response to PP2 exposure in Ras-NIH 3T3 cells ([Fig. 1](#F001){ref-type="fig"}B). Interestingly, a similar amount of LC3-I to LC3-II conversion was observed in PP2-treated Ras-NIH 3T3/Mdr cells, among which there were many fewer cells with GFP-LC3 punctate dots.

The effect of wortmannin, a PI3K inhibitor, on PP2-in-duced autophagy
---------------------------------------------------------------------

The class I PI3K/Akt/mTOR pathway has been implicated in autophagy suppression [@B026], and the class III PI3K is known to be a positive regulator of autophagy [@B005]. Wortmannin is a cell-permeable fungal metabolite that acts as a potent, selective and irreversible inhibitor of PI3K [@B003]; [@B006]. We first investigated the effect of wortmannin on the changes in the GFP-LC3 distribution pattern in cells that transiently expressed GFP-LC3 as an autophagic marker. Wortmannin was able to block PP2-induced GFP-LC3 punctae formation in cells treated with PP2 regardless of drug resistance ([Fig. 2](#F002){ref-type="fig"}A and B, upper). To confirm the above results regarding the accumulation of GFP-LC3 puncta, we assessed the LC3 conversion

![Effect of wortmannin on the accumulation of GFP-LC3 puncta and the accumulation of LC3-II. In (A) & (B), Ras-NIH 3T3 cells (A) and Ras-NIH 3T3/Mdr cells (B) were transiently transfected with GFP-LC3. Forty-eight hours post-transfection, cells were incubated for the indicated times at 37℃ with 5 μM PP2. The percentage of cells exhibiting signs of autophagy was quantified (mean ± SD) by counting the number of cells with a punctate pattern for GFP-LC3 among 200 GFP-positive cells. ^\*\*^*p*\<0.01 as determined by Dunnett's T-test compared with the mock-transfected group. In lower panels, cell lysates were subjected to immunoblot analysis with an anti-LC3 antibody to analyze the electrophoretic mobility change of LC3 from the non-autophagic (LC3-I) form to the autophagic membrane-recruited (LC3-II) form.](ooomb4-20-393-g002){#F002}

by LC3-II/LC3-I ratio via immunoblot analysis. It was found that treatment with wortmannin prior to treatment with PP2 completely blocked the LC3-I to LC3-II conversion in Ras-NIH 3T3 cells ([Fig. 2](#F002){ref-type="fig"}A, lower). To our surprise, wortmannin did not abrogate LC3 conversion in Ras-NIH 3T3/Mdr cells ([Fig. 2](#F002){ref-type="fig"}B, lower), despite the fact that the treatment of Mdr cells with wortmannin abrogates GFP-LC3 punctate formation. This result suggests that PP2 induces LC3 conversion independent of PI3K, concomitant with uncoupling of LC3 conversion from autophagy, in multidrug-resistant cells.

![Knockdown of Beclin 1 blocks PP2-induced autophagy. (A) Ras-NIH 3T3 cells and Ras-NIH 3T3/Mdr cells were transiently transfected with Beclin 1-specific esiRNA (esiBecn1). Twentyfour hours post-transfection, cells were incubated for the indicated times at 37℃ with 5 μM PP2. Cell lysates were prepared, and Western blotting was performed with an antibody against Beclin 1 to analyze the extent of expression knockdown. The β-actin protein was used as a loading control. In (B) & (C), Ras-NIH 3T3 cells (B) and Ras-NIH 3T3/Mdr cells (C) were transiently transfected with GFP-LC3. The percentage of cells showing autophagy was quantified (mean ± SD) by counting the number of cells expressing the punctate pattern of GFP-LC3 among 200 GFP-positive cells. ^\*\*^*p*\<0.01 as determined by Dunnett's T-test compared with the mock-transfected group. The results presented are representative of at least three independent experiments.](ooomb4-20-393-g003){#F003}

The Beclin 1 BH3 domain is exposed in PP2-treated cells
-------------------------------------------------------

Beclin 1 is a critical component of the class III PI3K complex that induces the formation of autophagosomes in mammalian systems [@B027]. Because wortmannin blocked PP2-induced autophagy, we examined the effect of Beclin 1 knockdown by esiRNA transient transfection to test the hypothesis that Beclin 1 plays a positive role in PP2-induced autophagy. We first confirmed the silencing efficiency of the esiRNA against endogenous Beclin 1 in both cell lines ([Fig. 3](#F003){ref-type="fig"}A). The results presented in [Fig. 3](#F003){ref-type="fig"}B showed that Beclin 1

![The Beclin 1 BH3 domain is exposed in PP2-treated cells. Ras-NIH 3T3 and Ras-NIH 3T3/Mdr cells were exposed to PP2 (5 μM) for the indicated times. Endogenous BH3-exposed Beclin 1 (IP: anti-Beclin 1 BH3) or Beclin 1 (IP: anti-Beclin 1) was immunoprecipitated, and the immunocomplexes were analyzed by immunoblotting with an anti-Beclin 1 antibody. Whole-cell extracts were also prepared at 1, 2, and 3 days after 5 μM PP2 treatment. The endogenous expression levels of Beclin 1 and Bcl-2 were assessed by immunoblotting. β-Actin was used as a loading control. The data shown are representative of three independent experiments.](ooomb4-20-393-g004){#F004}

knockdown by esiRNA reduced the ability of PP2 to induce autophagy in Ras-NIH 3T3 cells. Autophagy suppression was also observed in Ras-NIH 3T3/Mdr cells after Beclin 1 knockdown ([Fig. 3](#F003){ref-type="fig"}C). These results suggest that, regardless of drug resistance, PP2 induces autophagy via a Beclin 1-dependent mechanism. Beclin 1 has been recently shown to possess a Bcl-2 homology-3 (BH3) domain, which is necessary for binding to Bcl-2 and is required for Bcl-2-mediated inhibition of autophagy [@B025]. The Beclin 1 BH3 domain is usually buried within the folded Beclin 1 protein (Oberstein *et al*., 2007) and is undetectable by the Beclin 1 BH3-specific antibody. The exposure of this domain correlates with the proautophagic activity of Beclin 1. Our previous study showed that PP2 induced the dissociation of the Beclin 1-Bcl-2 complex [@B002]. To further investigate the conformational change of Beclin 1 during PP2-induced autophagy, we used a Beclin 1-BH3 domain antibody that recognizes the exposed epitope of BH3 in the Beclin 1 molecule. As shown in [Fig. 4](#F004){ref-type="fig"}, PP2 induced a conformational change in Beclin 1 both in Ras-NIH 3T3 cells and in Ras-NIH 3T3/Mdr cells. Interestingly, despite the remarkable difference in autophagy levels between two cell lines, a similar level of conformational change of Beclin 1 proteins was observed in two cell lines after PP2 treatment. No change in either Beclin 1 or Bcl-2 expression was observed after PP2 treatment.

Autophagy inhibition increases apoptosis by PP2 in Ras- NIH 3T3 cells
---------------------------------------------------------------------

Several studies have shown that autophagy might serve as a protective mechanism in tumor cells and that therapyinduced cell death can be potentiated through the inhibition of autophagy [@B023]. Our previous findings also suggest that autophagy contributes to the protective effects of PP2-induced growth inhibition in Ras-NIH 3T3 cells [@B002]. Consistent with the previous our report, PI3K inhibition with wortmannin caused a significant increase in apoptosis, as demonstrated by flow cytometric analysis of Annexin V staining ([Fig. 5](#F005){ref-type="fig"}A), indicating that autophagy inhibition of PI3K increases apoptosis in response to PP2 in Ras- NIH 3T3 cells. This result implies that the apoptotic cell death pathway might be further activated upon the failure of the autophagic pathway. However, the inhibition of PI3K with wortmannin

![Annexin V staining and flow cytometric analysis for apoptosis. Ras-NIH 3T3 cells (A) or Ras-NIH 3T3/Mdr cells (B) were exposed to the vehicle (VH) or PP2 (5 μM) in the presence or absence of wortmannin (Wort, 100 nM). After 24 hours, cells were stained with fluorescein-conjugated Annexin V and PI and analyzed by flow cytometry. Shaded histograms: Annexin V-treated cells. Numbers depict the percentage of positively stained cells. The results are representative of three independent experiments. The right graphs present the fold induction value calculated for each sample (cells treated with PP2) relative to the corresponding negative control (cells without PP2 treatment).](ooomb4-20-393-g005){#F005}

did not significantly affect the ability of PP2 to induce apoptosis in Ras-NIH 3T3/Mdr cells ([Fig. 5](#F005){ref-type="fig"}B).

DISCUSSION
==========

The failure of many anticancer therapies often results from the acquisition of drug resistance by cancer cells, which is predominantly correlated with the overexpression of a P-glycoprotein efflux pump [@B010]. Although MDRtargeted therapy is a specific and valid strategy, many MDR modulators are not as effective as expected [@B010], possibly because many tumors acquire drug resistance via a variety of mechanisms besides P-glycoprotein-mediated drug efflux. We recently developed a paclitaxel-resistant Ras- NIH 3T3/Mdr cell line that has a multidrug-resistance phenotype mediated by the P-glycoprotein [@B001]. In a recent study, we showed that Ras-NIH 3T3/Mdr cells were more susceptible than Ras-NIH 3T3 cells to Src inhibition with PP2, which acts by an MDR-independent mechanism [@B002]. We further demonstrated that the failure of prosurvival autophagic processes could be one of the underlying mechanisms of the resensitization of MDR tumor cells to PP2.

Because autophagy has been reported to be a mechanism involved in both cell survival and cell death [@B009], studies were carried out to further evaluate the differences in PP2-induced autophagy between Ras-NIH 3T3 and Ras-NIH 3T3/Mdr cells. After the cells were treated with PP2, the percentage of autophagic cells was markedly increased among Ras-NIH 3T3 cells compared with untreated cells. However, it was found that PP2 treatment of Ras-NIH 3T3/Mdr cells similarly induced autophagy but to a much lesser extent. Our previous results showed that PP2-induced mTOR inhibition may be uncoupled from the induction of autophagy in Ras-NIH 3T3/Mdr cells. The class I PI3K pathway is known to be involved in autophagy regulation through a signaling cascade to activate mTOR [@B033]. Treatment with wortmannin, a PI3K inhibitor, abrogates GFP-LC3 punctate formation in both cell lines. Interestingly, in Ras-NIH 3T3/Mdr cells, wortmannin did not abrogate the PP2-induced conversion of LC3 from the LC3-I form to the LC3-II form, another autophagosome marker. During the formation of autophagosomes, the LC3-phospholipid conjugate (LC3-II) is localized to autophagosomes and autolysosomes [@B028]. Thus, our results imply that PP2 induces LC3 conversion in a manner that is uncoupled from autophagy via a PI3-kinase-independent mechanism. Consistent with our results, it has been reported that LC3 conversion could be caused by autophagy-independent mechanisms [@B014]; [@B015].

Beclin 1 regulates autophagy in a multiprotein complex that includes class III PI3K activity, which is important for LC3 conversion and autophagosome formation [@B020]. PP2-induced autophagy also appeared to be dependent on Beclin 1, as determined by the Beclin 1 silencing experiment. The ability of the pro-autophagic protein Beclin 1 to induce autophagy through the dissociation from Bcl-2 is of particular interest [@B025]. The BH3-mimetic compound ABT-737 has been shown to induce autophagy through binding to the BH3-binding groove of Bcl-2 and releasing Beclin 1 [@B021]. In this study, immunoblotting analysis with anti-Beclin 1 BH3 antibody showed that when PP2 induced autophagy, a conformational change in Beclin 1 was observed in Ras-NIH 3T3 cells. Interestingly, PP2 caused a similar amount of conformational change in Beclin 1 in Ras- NIH 3T3/Mdr cells, among which few cells with GFP-LC3 punctate dots were detected. Thus, taken together with the LC3 conversion results, it is likely that Beclin-1 and LC3, two autophagy-related proteins, are uncoupled from the induction of autophagy in Ras-NIH 3T3/Mdr cells.

Whether autophagy represents a survival mechanism or contributes to cell death remains controversial. Some observations suggest that active autophagy might play a role in dying cells [@B011]. However, there is a large amount of evidence supporting the hypothesis that autophagy can facilitate tumor cells' resistance to anticancer treatments [@B016]; [@B018]. In fact, most evidence indicates that autophagy is primarily a pro-survival rather than a pro-death mechanism [@B019]; [@B017]. Recent data also suggest that there is a mechanistic overlap between autophagy and apoptosis [@B022]. Our results emphasize that autophagy suppression promotes apoptotic cell death in response to the inhibition of PI3K by wortmannin in Ras-NIH 3T3 cells. This result implies that autophagy serves a protective role in Ras-NIH 3T3 cells. Additional studies of PP2 in animals are needed to fully explore the PP2-based therapeutic approach for treating cancer.
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